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ABSTRACT 
 
 Providing early successional habitat as a conservation technique has become an 
increasingly important issue within the natural resource management field.  The purpose 
of this paper was to provide an economic analysis of establishing different early 
successional habitat management regimes focused on increasing biodiversity within the 
study area.  An economic model was created using parameters that were based on 
harvesting costs, management costs, and revenue differences between five different 
prescriptions within the Nantahala National Forest in Western North Carolina.  These 
prescriptions differed in terms of acreage and distance between the individual cuts.   We 
found that the smaller dispersed prescriptions were the most costly to conduct on a per 
acre basis and also provided the least amount of revenue.  This resulted in the two 
smallest prescriptions having the lowest Net Present Value (NPV).  All other 
prescriptions were very similar in terms of NPV.  This information can be used to 
minimize financial losses while catering to wildlife species that prefer early successional 
habitat in addition to increasing overall biodiversity.   
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Early successional habitat (ESH) is an important component of natural 
landscapes, whether occurring naturally in grasslands and shrublands, or by disturbances 
within late successional forests (Askins 2001).  While these ecosystems differ in terms of 
vegetative composition, they posses a dominating characteristic of ESHs, in that they 
consist of short woody vegetation (Askins 2001).  ESH occurs within a forest when 
disturbances alter the landscape in a way where the forest site is not dominated by tree 
canopies (Swanson et al. 2011).  This type of disturbance can occur naturally through the 
actions of wind, insects, or fire, but also through anthropogenic means such as timber 
harvesting which often produces negative public perceptions (Thompson and Dessecker 
1997).  
The loss of old-growth forests and the degradation and fragmentation of second-
growth forests are widely recognized conservation problems in North America; not so 
widely known is the waning of ESHs characterized by young forests (Askins 2001).  
Many wildlife species in North America have suffered significant population declines 
due to habitat loss, including ESH loss (Hunter et al. 2001, Litvaitis 2001, Morrison and 
Mathewson 2015). Often, the landscapes produced by the disturbances that favor ESH 
disenchant conservationists and the general public due to their association with human 
disturbance (Askins 2001, Enck and Odato 2008). 
Forest management activities, especially timber harvesting and tree planting, can 
affect disturbance patterns in terms of biological and physical conditions, impacting ESH 
development (Swanson et al. 2011).  The extent of forest disturbances and resulting ESH 
has been diminished by shifts in agricultural lands, flood control projects, fire 
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suppression, and even by fully-stocked forest that result in less wind-blown trees (Askins 
2001).  Foresters have developed specific management objectives and practices to 
encourage plant and animal species that rely on disturbances within a forest, but a 
number of issues, such as funding, public perception and “clear habitat goals,” can 
hamper implementation of the objective.  Federal and state forestry as well as wildlife 
incentive program funding agencies have recognized this problem and have strongly 
encouraged development of ESH by private landowners (Oehler 2003).  
A standard silvicultural practice used to establish ESH within a forest has been 
clearcutting.  Environmentalists have long opposed the practice as extremely detrimental 
to ecological processes within the forest, creating landscapes considered to be 
“unimportant” and “unappealing” from an aesthetic and ecological point of view (Askins 
2001).  Forestry and natural resources management professionals have clearly 
demonstrated the benefits ESH can play within an ecosystem, but its use for conservation 
purposes is a relatively new idea.  However, foresters, wildlife biologists, and 
conservationists throughout the United States now consider it an increasingly important 
issue (Fuller and DeStefano 2003). 
The economic cost of establishing ESH management as a conservation technique 
is not well known.  We describe a financial framework to evaluate alternative forest 
management regimes used to establish ESH habitat, primarily driven by differences in 
timber harvesting cost and timber yield revenues. This model was applied to a number of 
proposed prescriptions within the Nantahala National Forest (NNF) located in western 
North Carolina.  These prescriptions support increased biodiversity within the forest, as 
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well as better public awareness of the importance of such habitats.  Our goal is to provide 
a better understanding of the economics of ESH as a conservation technique both on 
private and public lands. 
EARLY SUCCESSIONAL HABITAT AND SILVICULTURE 
Forest management practices can provide sufficient habitat for ESH, while 
maintaining habitat for forest-dependent interior species. Timber harvest is one of the 
most effective ways to create ESH in managed forest ecosystems (Thompson and 
DeGraaf 2001). Standard silvicultural systems can be used to establish ESH, including 
selection of patch size, timing of regeneration cuts, and rotation age determination.  
Silvicultural prescriptions to establish ESH widely vary. One recommendation for birds 
in the northeastern United States was group selection with patch cuts of at least 0.8 
hectare (about 2 acres), with patches generated about every ten to fifteen years, and 
regeneration of shade intolerant and mid-tolerant tree species in the managed stands 
(DeGraaf and Yamasaki 2003). Another method is to maintain permanent “wildlife 
openings” by using prescribed burns or mechanical treatments (Chandler et al. 2009). 
Acceptable levels of ESH necessary to sustain wildlife populations will require active 
intervention and forest management (Brooks 2003).  
The range of wildlife depending on ESH is wide. Disturbances and ESH are 
critical to maintaining the diversity of flora and fauna in deciduous forests and have a 
role in forest dynamic in terms of tree regeneration and maintenance of disturbance plant 
species (Brawn et al. 2001).  The openness due to the absence of a closed canopy and 
grasses, and shrubs associated with ESH are often critical to endangered, threatened, or 
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sensitive plant and animal species (Thompson and DeGraaf 2001, Hagan and Whitman 
2006). The importance of ESH to wildlife is especially well documented for certain birds 
(Dettmers 2003) and various mammals (Fuller and DeStefano 2003). 
The most effective silvicultural methods for providing early successional habitat 
are those associated with even-aged management including clearcut, shelterwood, and 
seed-tree regeneration methods.  While each of these silvicultural methods differ from 
one other, they are similar in that each method removes a large amount of timber within a 
specific forest stand (Swanson and Franklin 1992, Bliss 2000, Thompson and Dessecker 
1997, Askins 2001, Greenberg et al. 2011, Swanson et al. 2011).  
Clearcutting involves removal of all trees, usually at the forest stand’s economic 
maturity age, resulting in an even-aged forest and use of the total ecological space. The 
method is popular among foresters due to its associated simple and cost-effective 
implementation and high timber yields. The shelterwood method also produces an even-
aged stand, but under the protection of older trees.  The mature seed-bearing trees can be 
left to provide cover to environmentally-sensitive areas while the new stand is being 
established. The seed-tree method leaves only a few trees of the optimum phenotype as a 
seed source, so its effects are similar to a clearcut (Nyland 2002).      
All three silvicultural treatments can provide ESH within a forest.  However, 
parameters such as the size of the cut, the timing of the cut, the period between cuts, and 
rotation age will impact their effectiveness in producing ESH.  Uneven, aged 
regeneration methods such as selection cuts do not remove enough of the overstory to 
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promote vigorous understory growth and do not provide a large enough gap for species 
that favor ESHs (Thompson and Dessecker 1997).  
Timber havesting operations (or level of disturbance intensity) and connectivity 
among disturbed sites can alter the abundance of early successional species at the stand 
level and the relative abundance of open, edge, and closed forest vegetation at the 
landscape level (Askins 2007, Long 2009, Tavernia et al. 2016). The size of single tree 
and small group selection harvests (i.e., canopy openings) affect the light and temperature 
environment of ESH forests (Naaf and Wulf 2007, Fahey and Puettmann 2008), 
suggesting forest management activities creating a range of disturbance intensities across 
the landscape may improve foraging opportunites for wildlife (DeGraaf and Yamasaki 
2003, Loeb and O’Keefe 2006).   Uneven-aged management also allows the forest 
manager to have a continuous timber yield throughout time, while providing both early 
and late successional opportunities (Fuller and DeStefano 2003). 
Bat Conservation in Forestry 
Bats provide an example of mammals particularly dependent upon ESH and were 
used in our analysis as a case study to evaluate ESH and various management regimes. 
Bat populations in the eastern United States are currently experiencing precipitous 
declines due to white-nose syndrome (WNS), a disease that has killed millions of bats 
since 2006 (Frick et al. 2016). ESHs are important foraging sites for a number of North 
American bat species as they provide areas with abundant insects and reduced clutter, 
allowing for unobstructed flight and reduce “noise” when echolocating (Grindal et al. 
1998, Ford et al. 2006, Loeb and O’Keefe 2006). Use of ESH by bats varies due to 
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factors like body size and echolocation call structure, resulting in larger species being 
more likely to use open areas and smaller species more likely to use interior forests and 
the interface between mature forest and open areas or edge (Owen et al. 2004, Morris et 
al. 2010, Russo et al. 2010). Tree-fall gaps within mature forests are important foraging 
sites for a number of bat species (Menzel et al. 2002, Loeb and O’Keefe 2006, Hayes and 
Loeb 2007, Loeb and O’Keefe 2011), but research is limited on the effects of patchsize 
and isolation on use (Grindal and Brigham 1998, Menzel et al. 2002, Fukui et al. 2011). 
Understanding how factors like size and isolation impact the suitability of ESHs as bat 
foraging sites allows for the design of timber management activities that better provide 
for the foraging needs of bats (Loeb and O’Keefe 2011). 
Bat conservation has recently become a very important topic in forestry due to 
sharp declines in various bat species throughout North America.  In addition, most bat 
species within North America rely heavily on the consumption of insects as a primary 
source of protein and are the number one predator of “night-flying insects” such as 
beetles and moths, which can cause serious damage to forestland (Ford et al. 2000).  
WNS, associated with the fungus Pseudogymnoascus destructans, has caused massive 
mortality to hibernating bat populations across North America.  P. destructans breaks 
down collagen within bats’ skin and generates a white layer on the muzzle, wings, and 
external ears of the bats (O’Donoghue et al. 2015).       
Many bat species in North America overwinter in caves and mines in massive 
groups that can reach up to a half million individuals per single cave. In spring the bats 
separate into smaller groups of females and males, and mate from August to October at 
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swarming sites that are suspected of being a prime location for disease transmission. The 
little brown myotis (Myotis lucifugus), a species of bat that hibernates in caves and mines, 
were once one of the most abundant bat species in eastern North America, and now has a 
chance of regional extinction due to WNS  (Frick et al. 2010). 
FOREST MANAGEMENT FOR BATS 
There are four essential requirements for quality bat habitat: water, food, shelter, 
and amount of structural complexity or clutter. Roosting structures, like caves, bridges, 
and tree cavities, are particularly important (Lacki et. al. 2007). Clutter plays a large role 
in defining bat foraging habitat quality, with bats generally preferring less cluttered areas, 
especially as the size of the individual bat increases (Sleep and Brigham 2003). Larger 
bats have less ease of movement through the forest. Less clutter also makes detection of 
prey easier. Bats tend to prefer the edges of forest, forest gaps, and rivers and streams as 
hunting areas. Intact forests are not even used by some bats (Lacki et al. 2007)  
Different bats prefer different habitats, making management for bats somewhat 
difficult. However, slight alterations to forest management practices can enhance bat 
populations, like creating or leaving existing snags or retaining large diameter trees for 
roosting habitat.  Man-made structures such as bat boxes have also been used in some 
situations, but natural roosting structures are much preferred in conservation efforts 
(Lacki et al. 2007).   
Bats often select ESH and gaps within mid- or late-successional forests. Thinning 
and uneven-aged management (group selection) are silvicultural treatments that increase 
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these gaps (like prescribed burning, decrease clutter). Density of vegetation is one of the 
best predictors of overall bat habitat use in some areas (Loeb and O’Keefe 2006).   
Management for bats within industrial and investment organization forests has 
been a concern for conservation efforts. These forests are intensively managed for timber 
production, and while wildlife values are addressed, the focus is usually on species 
diversity, rather than a single species. These lands are almost all managed under forest 
certification programs that require wildlife considerations, and bat conservation is 
certainly one of those considerations. These organizations already use many practices that 
could encourage bat habitat (Lacki et al. 2007).   
 Bats play an important role in forestry, agriculture, and even large metropolitan 
cities by reducing insect populations. While the literature on bats and bat habitat is 
extensive, there has been very little focus on the cost of providing for these important 
mammals. Forest management practices to enhance ESH, like bat habitat, are common 
silvicultural options, but even so, cost of establishing ESH for wildlife purposes lacks 
detailed financial analysis in terms of costs. 
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STUDY AREA 
 
 
Figure 1: 
Prescription areas on Nantahala National Forest. 
 
We applied silvicultural prescriptions to develop the management regimes 
specified in our analysis (Figure 1).  The purpose of our study was to provide an 
analytical framework of the incremental differences between management regimes, using 
on-the-ground prescriptions to evaluate our modeling technique.  This study area was 
within the Cheoah ranger district on the Nantahala National Forest (NNF).  Our case 
study involves silvicultural prescriptions to create ESH to support ESH plants and 
animals including various bat species within the region.  The study area consists of a 
landscape that would typically support bat populations.  The topography is mountainous 
and includes areas with steep inclines.  This ranger district has a well-developed road 
system; therefore road development was not a relevant cost in this analysis. 
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The timber on this specific ranger district consists of mixed-hardwood, primarily 
consisting of Southern Appalachian species of tulip poplar (Liriodendron tulipifera) and 
white oak (Quercus alba).  Timber volumes were marginal in terms of financial 
operability.  Forest conditions were typical of the region.  
The forest is currently being managed on a 70-year cutting cycle.  The current 
management regime involves a chemical release at age five, a pre-commercial thinning at 
age 15, a commercial thinning at age 40, and a final harvest at year 70.  Timber on this 
national forest in seldom clearcut, and instead is typically managed with the shelterwood 
silvicultural system (S. Bridges, USDA Forest Service, personal communication).   
METHODS 
Prescription 
This study was an economic analysis of various forest management regimes 
differentiated between dispersed and aggregated alternatives.  This procedure requires 
development and application of silvicultural prescriptions in order to calculate physical 
and economic differences associated with these variations.  We created five management 
regimes focused on enhancing biodiversity within forestlands.  These prescriptions were 
developed in order to increase biodiversity.  Public perception was also a consideration 
when developing these regimes. 
  The five prescriptions were “A” “B” “C” “D” and “E.”  They were based on the 
shelterwood silvicultural system and each required 10% retention of standing timber 
(Figure 2).  In order to conduct these small shelterwood patch cuts with logging 
equipment, machinery moved from one patch cut to the other, requiring a trail (of about 
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3.5 meters in width) to be cut. Trail length varied from 30 (aggregated cuts) to 120 
(dispersed cuts) meters depending upon the prescription.  The model assumed all 
merchantable timber within the trails and shelterwood cuts would be utilized, recognizing 
in some situations involving small cuts, utilization may not be feasible.  For each of these 
prescriptions, timber yields, management cost, and harvesting cost of the non-traditional 
prescriptions (A, B, C, and D) were compared to that of a more traditional prescription 
represented by E. 
Prescription A (Figure 3) was composed of five individual one-acre cuts in which 
the timber was not utilized and instead left as slash.  The one-acre cuts were spaced 30 
meters apart and trails were cut in order to reach these one-acre shelterwood harvests.  
Prescription B (Figure 4) differed from prescription A in that the cuts were spaced at 120 
meters apart. Prescription C (Figure 5) was composed of two nine-acre cuts spaced thirty 
meters apart from one another.  A trail was established between the two cuts.  
Prescription D (Figure 6) differs from C in that the two nine-acre cuts were spaced 120 
meters apart.  And finally, prescription E (Figure 7) was a twenty-acre cut in which the 
timber was utilized.  Because prescription E was one continuous cut, no trails are needed.  
Prescriptions C, D, and E all utilized timber.   
The USDA Forest Service conducts timber harvests and land management in a 
way that is different than many other public and private land management entities.  Forest 
management has become increasingly focused on public perception and ecological 
benefits as opposed to economic gains.   This management, of course, impacted 
implementation of the cuts.  Prescriptions A and B involve smaller cuts without the 
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timber being removed and instead felled and left as slash (Figure 2).  These are not 
attractive harvesting parameters and as a result there was a lack of bidding from private 
logging companies and thus, a crew was hired to cut these two prescriptions using 
chainsaws.  We modeled prescriptions A and B with a scenario in which timber was not 
utilized in addition to a scenario in which timber is utilized. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  
One acre cuts where timber was left as slash. 
 
 
        
        
     
 
Figure 3:  
Prescription “A” displays one-acre aggregated cuts spaced at 30 meters apart.   
(Shaded areas represent the five one-acre cuts.) 
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Figure 4:  
Prescription “B” displays one-acre dispersed cuts spaced at 120 meters apart.  
(Shaded areas represent the five one-acre cuts.) 
 
 
 
            
              
      
 
        
 
Figure 5:   
Prescription “C” displays nine-acre aggregated cuts spaced at 30 meters apart.  
(Shaded areas represent the two nine-acre cuts.) 
 
 
 
                
                
               
Figure 6:  
Prescription “D” displays nine-acre dispersed cuts spaced at 120 meters apart.  
(Shaded areas represent the two nine-acre cuts.) 
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Figure 7:   
Prescription “E” displays a twenty-acre cut.  
(Shaded area represents the twenty-acre cut.) 
 
 
Cost Relationships 
Estimating costs and revenues from the different harvesting prescriptions can be 
difficult.  Public agencies, timber investment firms, and other private owners have 
differing management objectives resulting in different cost and revenue structures.  Some 
manage for wildlife or recreational use while others manage strictly for timber.  As 
management objectives change, so do yields, management cost, and harvesting cost.  
Although management objectives can significantly differ, harvesting prescriptions can be 
grouped into four categories; clearcut, thinning, partial harvest, and shelterwood cuts.  
Each of these harvesting prescriptions differs in terms of machine efficiency; clearcuts 
are the most productive harvesting system, while shelterwood are the least productive 
(Hiesl and Benjamin 2013).  
The cost structure of the management regimes is largely determined by the 
harvesting prescription, particularly machine productivity.  The major factors that 
determine how effective a machine is within a specific stand are as follows: “species 
composition, stand density, slope, and stem size” (Hiesl and Benjamin 2013).  Species 
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composition plays a major role in machine productivity in a number of ways.  For 
example, hardwood species tend to have thick branches and therefore are more costly to 
harvest than softwood species that do not exhibit thick frequent branches.  Also, cutting 
an even-aged plantation is more productive than cutting a naturally regenerated stand 
(Hiesl and Benjamin 2013).   
In conjunction with species and composition, the DBH of a tree can also directly 
affect the efficiency of harvesting along with skidding and forwarding operations. As the 
tree DBH (diameter at breast height) increases, the cost of harvesting the tree decreases 
due to the machine being more productive (Holtzscher and Lanford 1997).  In addition, 
slope can affect how efficiently a machine can travel within a specific stand due to the 
fact that machines must move slower throughout a stand with increased slope resulting in 
decreased productivity and increased cost (Akay and Sessions 2004).  In our analysis we 
assumed slope to be constant throughout all five prescriptions.  
Labor, depreciation, interest expense, repair and maintenance, fuel and 
consumables, administrative, insurance, and hauling are also important in determining the 
average cost for logging (Baker et al. 2015). There is variability in all of these parameters 
within specific logging sites.  Differences in harvesting cost will obviously impact cost in 
various prescriptions.  Harvesting cost was estimated using a series of calculations as 
described below.   
The calculation for estimating the cost of cutting trails within each prescription is 
primarily based on trail area and average yield from that area.  The length and width of 
each trail was converted from meters into square feet and then converted into acres 
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(𝑻𝑨𝒄𝒓𝒆𝒔).  The acreage harvested in trails was then multiplied by the average per acre 
timber yield in tons (𝑨𝑽𝑮𝒚𝒊𝒆𝒍𝒅).  This tonnage was then multiplied by the per ton cost of 
harvesting (𝑯𝑽𝑺𝑻𝒄𝒐𝒔𝒕).  The cost of cutting the trails (𝑻𝒓𝒍𝑪𝒐𝒔𝒕) within each prescription 
was as follows: 𝑻𝒓𝒍𝑪𝒐𝒔𝒕 = 𝑻𝑨𝒄𝒓𝒆𝒔  × 𝑨𝑽𝐺𝒚𝒊𝒆𝒍𝒅  × 𝑯𝑽𝑺𝑻𝒄𝒐𝒔𝒕 
Once the trails to reach each patch cut were cut, the cost of conducting the actual 
shelterwood cut must be calculated (𝑺𝑾𝑪𝒐𝒔𝒕).  The size of each cut (𝑺𝑾𝑨𝒄𝒓𝒆𝒔) was used 
to calculate the volume of timber within each patch cut (𝑨𝑽𝑮𝒚𝒊𝒆𝒍𝒅).  Next the subtracted 
percentage of retention within each patch cut (Retention%) was obtained and multiplied 
by the average cost of (cut and load) harvesting (𝑯𝑽𝑺𝑻𝒄𝒐𝒔𝒕).  The patch cut cost formula 
was as follows: 𝑺𝑾𝑪𝒐𝒔𝒕 = 𝑺𝑾𝑨𝒄𝒓𝒆𝒔  × 𝑨𝑽𝑮𝒚𝒊𝒆𝒍𝒅  ×  𝟏𝟎𝟎!𝑹𝒆𝒕𝒆𝒏𝒕𝒊𝒐𝒏%𝟏𝟎𝟎  × 𝑯𝑽𝑺𝑻𝒄𝒐𝒔𝒕 
Hauling cost (𝑯𝑪𝒐𝒔𝒕) was calculated by using the average hauling distances to the 
mill (𝑯𝑫𝒊𝒔𝒕𝒂𝒏𝒄𝒆).  Hauling distance was multiplied by cost per mile ( 𝑯𝑪𝒑𝒆𝒓𝒎𝒊𝒍𝒆) and by 
the total tonnage of timber hauled (𝑻𝑯𝒂𝒖𝒍𝒆𝒅).  The hauling cost formula was as follows: 𝑯𝑪𝒐𝒔𝒕 = 𝑯!𝒊𝒔𝒕𝒂𝒏𝒄𝒆  ×  𝑯𝑪𝒑𝒆𝒓𝒎𝒊𝒍𝒆  × 𝑻𝑯𝒂𝒖𝒍𝒆𝒅 
Management cost (𝑴𝑮𝑴𝑻𝒄𝒐𝒔𝒕 ) represented practices such as chemical control 
and pre commercial thinning.  Herbicide is applied to remove undesired species and the 
cost of herbicide treatment was on a per acre basis.  The acreage that was treated with 
herbicide ( 𝑯𝑬𝑹𝑩𝑨𝒄𝒓𝒆𝒔) was multiplied by the per acre cost of conducting the herbicide 
or pre commercial thinning treatment (𝑯𝑬𝑹𝑩𝒄𝒐𝒔𝒕𝒑𝒆𝒓𝒂𝒄𝒓𝒆).  It was then added to the total 
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cost of conducting these prescriptions.  A standard annual management cost was 
considered within the analysis (𝑨𝑵𝑴𝑮𝑴𝑻𝒄𝒐𝒔𝒕).  An interest rate of 4% was considered and 
represented by (i).  If management costs do not change between prescription, 
management cost would then cancel out each other. 𝑴𝑮𝑴𝑻𝒄𝒐𝒔𝒕 =  𝑯𝑬𝑹𝑩𝑨𝒄𝒓𝒆𝒔 × 𝑯𝑬𝑹𝑩𝒄𝒐𝒔𝒕𝒑𝒆𝒓𝒂𝒄𝒓𝒆 + 𝑨𝑵𝑴𝑮𝑴𝑻𝒄𝒐𝒔𝒕𝒊  
The total cost (𝑻𝑻𝑳𝑯𝒄𝒐𝒔𝒕 ) for each prescription is shown below.  The total cost 
for each prescription involves summing each of the prior formulas.  The formula for total 
harvesting cost per prescription was as follows: 𝑻𝑻𝑳𝑯𝒄𝒐𝒔𝒕 =  𝑻𝒓𝒍𝑪𝒐𝒔𝒕 + 𝑺𝑾𝑪𝒐𝒔𝒕 + 𝑯𝑪𝒐𝒔𝒕 + 𝑴𝑮𝑴𝑻𝒄𝒐𝒔𝒕  
The revenue from each prescription (𝑷𝑹𝑺𝑪𝑷𝒚𝒆𝒊𝒍𝒅) was based upon the average 
stumpage price within southeastern US (𝑺𝑻𝑷𝒑𝒓𝒊𝒄𝒆).  Stumpage prices are stochastic, so this 
number can be changed easily as markets change in the future.  Trail tonnage was added 
into the revenue due to the assumption that the merchantable timber cut from the trails 
would be utilized.  The revenue from each prescription is as follows: 
𝑷𝑹𝑺𝑪𝑷𝒚𝒆𝒊𝒍𝒅 = 𝑺𝑾𝑨𝒄𝒓𝒆𝒔  × 𝑨𝑽𝑮𝒚𝒊𝒆𝒍𝒅  ×  𝟏𝟎𝟎!𝑹𝒆𝒕𝒆𝒏𝒕𝒊𝒐𝒏%𝟏𝟎𝟎  × 𝑺𝑻𝑷𝒑𝒓𝒊𝒄𝒆 +  𝑻𝑨𝒄𝒓𝒆𝒔  × 𝑨𝑽𝑮𝒚𝒊𝒆𝒍𝒅  
Cuttings occurred on a cycle (𝑪𝒖𝒕𝒄𝒚𝒄𝒍𝒆) and as a result a cost and revenue would 
occur in perpetuity at every cycle (𝑻𝑻𝑳𝑯𝒄𝒐!𝒕 ,𝑷𝑹𝑺𝑪𝑷𝒚𝒆𝒊𝒍𝒅,).  In addition, a perpetual 
annual management cost was added into this analysis (𝑨𝑵𝑴𝑮𝑴𝑻𝒄𝒐𝒔𝒕).  The perpetual 
periodic cash flows will occur at the same time and can be combined.  The perpetual 
annual management cost was added to the perpetual periodic cash flows and all of the 
cash flows were discounted at a 4% interest rate (i).  The net present value (NPV) of each 
prescription considered all cost and all revenues discounted to the present.  
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𝑵𝑷𝑽𝒑𝒓𝒔𝒄𝒑 = 𝑻𝑻𝑳𝑯𝒄𝒐𝒔𝒕 !𝑷𝑹𝑺𝑪𝑷𝒚𝒆𝒊𝒍𝒅𝟏!𝒊 𝑪𝒖𝒕𝒄𝒚𝒄𝒍𝒆!𝟏  + 𝑨𝑵𝑴𝑮𝑴𝑻𝒄𝒐𝒔𝒕𝒊  
Financial Parameters 
The economic analysis utilized silvicultural data from the NNF and published 
Southwide average timber prices and costs in 2013 (the last year complete yield and 
financial data were available and the year harvesting began; also inflation has been 
minimal since then). Fuel consumption of 5.1 gallons per mile on haul trucks and 
estimated cut and load-logging rate of $12.17 in 2013 were used in calculations (Baker et 
al 2015). Loggers in the Southeast traveled an average of 49 miles to reach the mill (Hiesl 
and Benjamin 2013).  Timber yield within the NNF averaged 44.91 tons per acre (S. 
Bridges, personal communication).  The revenue was based upon the 2013 Southwide 
mixed-hardwood sawtimber average stumpage price of $25.02 per ton (Timber Mart-
South 2013).  National forests are managed for perpetuity and the calculations accounted 
for this assumption at a $5.00 per acre annual management cost. 
Management costs were relevant on prescriptions C, D, and E.  Prescriptions A 
and B involved timber being felled timber and left as slash, with no additional 
management. These estimated costs were $30 per acre for chemical release at year 5, a 
pre-commercial thinning at year 15 costing $50 per acre, a commercial thinning at year 
40 producing revenue of one-third the final harvest level, and a final harvest at year 70. 
Each acre of timber within the NNF produced an estimated $1,011.28 per acre at final 
harvest (S. Bridges, personal communication).  Transportation cost of moving the 
equipment to the actual site was not included because operationally this would not be 
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required.  Equipment would already be on site and cutting within each experimental unit 
would simply be altered. 
RESULTS 
Harvesting Cost Scenario 1:  Timber in Prescriptions A and B Not Utilized 
Prescriptions A and B did not have any trails associated with conducting the one-
acre patch cuts within the NNF.  However, the alternative of including trails within these 
two prescriptions was considered later in the analysis.  These one-acre cuts were 
conducted using crews with chainsaws at a cost of $800 to $1,100 per acre (S. Bridges, 
personal communication). This work resulted in a cost ranging from $4,500 to $5,500, 
with the dispersed units being more costly than the aggregated. All timber within the five 
one-acre patch cuts was felled and left, and no other management was conducted within 
each of these one-acre cuts. Because prescriptions A and B did not utilize the timber, 
there was no associated cost of hauling that timber to the mill. Not utilizing timber 
resulted in an opportunity cost or forgone revenue of $5,744.07 for prescription A and an 
opportunity cost of $7,796.97 for prescription B.  However this opportunity cost could be 
offset by ecological benefit provided to wildlife and plants.  
Harvesting Cost Scenario 2:  Timber in Prescriptions A and B Utilized  
 
While chainsaws were used on prescription A and B, operationally this harvesting 
would typically be used as part of the regular harvesting operation using equipment 
already on site.  Therefore trails would have to be cut to reach each individual patch cut.  
In addition, harvesting cost, silvicultural cost, and annual management cost on all five 
prescriptions were estimated using Southwide averages in order to have uniform 
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comparisons across prescriptions, assuming timber within the patch cuts and the trails 
would be utilized and hauled to the mill.  Figure 8 illustrates the cost differences by 
prescription based on the previously mentioned assumptions. 
 
 
Figure 8:  
All costs associated with harvesting assuming timber will be utilized. 
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Table 1:  All cost associated with harvesting assuming timber will be utilized.  Also shows trail 
acreage and tons of timber in trails. 
 
Prescription 
Trails 
Cost 
Patch Cut 
Cost 
Hauling 
Cost 
Total 
Harvesting 
Cost 
Acres in 
Trails 
Tons of 
Timber in 
Trails 
A $371.66 $2,459.50 $1,481.88 $4,313.04 0.68 30.54 
B $1,481.16 $2,459.50 $2,062.61 $6,003.27 2.71 121.71 
C $16.40 $8,854.18 $4,643.03 $13,513.61 0.03 1.35 
D $60.12 $8,854.18 $4,665.90 $13,580.20 0.11 4.94 
E $0.00 $9,837.98 $5,149.38 $14,987.36 0 0 
 
 
 
Table 1 and Figure 8 present the total cost per acre (including trails) for the five 
prescriptions.  This is calculated by dividing the total harvesting cost by the total acreage 
of timber harvested including trails.  Increased trail acreage (dispersed cuttings) was 
associated with higher per acre cost. Prescription B required the most acreage in trails 
while prescription A required the second-most. Prescription E did not have any costs 
associated with trails due to it being one continuous 20-acre cut.  Trails cost, patch cut 
cost, and hauling cost combine to produce total harvesting cost. 
Timber Revenue 
Each acre of timber within the NNF produced an estimated $1,011.28, which will 
occur at year 70. This revenue was multiplied by prescription acreage resulting in the 
total revenue gained by prescription assuming utilization of all merchantable timber 
(Figure 9).  In addition, a commercial thinning occurs at year 40 resulting in revenue gain 
equivalent to one third of the final harvest revenue of each prescription (S. Bridges 
personal communication). 
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Net Present Value  (NPV) Scenario 1: Timber in Prescription A and B Not Utilized 
 
Within the NNF, prescriptions A and B were conducted differently than the other 
prescriptions.  When considering the NPV of prescription A and B, we considered only 
the cost of conducting the cuts with chainsaws and a perpetual annual management cost 
of $5.00 an acre.  No other management was prescribed to these two units.  These costs 
resulted in a negative NPV with prescription A of  -$4,951.93 and prescription B of  
-$5,913.47. These negative NPVs were expected because these two prescriptions 
produced a significant cost while generating no revenue since timber is not utilized.   
Net Present Value  (NPV) Scenario 2: Timber in Prescription A and B Utilized 
 
 
 
Figure 9: 
Revenue generated from each prescription assuming merchantable timber is utilized during final 
harvest at year 70.  
 
 
 
	$5,744.07		 	$7,796.97		
	$18,233.44		 	$18,314.34		 	$20,225.67		
	$-					$5,000.00		
	$10,000.00			$15,000.00		
	$20,000.00			$25,000.00		
A	 B	 C	 D	 E	
Revenue	From	Patch	Cut	and	Trails	At	
Year	70	
 31 
As an additional comparison, we assumed that timber was utilized on all 
prescriptions and standard NNF management was conducted within these units.  Even 
when prescriptions A and B utilized timber, they still have lower NPVs because the 
acreage of these two prescriptions is small while costs remain high.  The NPVs in this 
scenario range from $558.50 for prescription A to $2,184.87 for prescription E (Figure 
10).  NPV results from the interactions of cost and revenues over time show the impact 
parameters such as increased trails, area harvested, and resulting yield differences. 
 
Table 2:  Costs and revenues that were considered in the NPV of each prescription.  
 
Prescription 
Revenue 
After 
Harvesting 
Cost 
Commercial 
Thinning 
Revenue 
Final 
Harvest 
Revenue 
After 
Harvesting 
Cost 
Chemical 
Release 
Cost 
Pre-
Commercial 
Thinning 
Cost 
Annual 
Management 
Cost 
A $1,431.03 $472.24 $1,431.03 $170.40 $284.00 $28.40 
B $1,793.70 $592.91 $1,793.70 $231.30 $385.50 $38.55 
C $4,719.83 $1,557.54 $4,719.83 $540.90 $901.50 $90.13 
D $4,734.14 $1,562.27 $4,734.14 $543.30 $905.50 $90.55 
E $5,238.31 $1,728.64 $5,238.31 $600.00 $1,000.00 $100.00 
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Figure 10:  
NPVs of various cutting regime when cost and revenues were considered on a per acre basis. 
 
DISCUSSION   
 These prescriptions and resulting harvesting scenarios provide an excellent 
framework to evaluate the opportunity cost of creating ESH to support endangered or 
threatened species populations. The main opportunity costs were related to foregone 
timber revenue, additional trails necessary for the various prescriptions, and differences 
in patch cut and hauling costs. Close observation of the harvesting patterns, especially 
distances between the individual cuts, clearly illustrates what drives these cost 
differences. Some patterns require additional trails and equipment movement; this pattern 
is costly.  Our results identify the key cost components that will impact the financial 
returns of forest management that creates ESH and these have useful management 
implications.   
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One observation is that the interaction of the silviculturists and wildlife 
management professionals is crucial to providing ESH for protection of endangered and 
threatened species. Factors that determine the functionality of silvicultural prescriptions 
in creating viable wildlife habitat (like disturbance patterns, rotation age, and edge) must 
be considered in both a forestry and wildlife framework. Often these frameworks are 
evaluated on a financial basis, and we presented a functional model to perform that type 
of evaluation.  
Different cost interactions between each silvicultural prescription rely on a 
number of key parameters.  The distance between each cut and the size of the actual cut 
are factors that affect how costly the prescriptions were to conduct.  A primary example 
of this cost difference is the dispersed one-acre cuts of prescription B.  Prescription B had 
2.71 acres of trails, which was the highest of any prescription. As the acreage of trails 
increased, so did the per acre cost of conducting the cuts.  This cost is most likely related 
to the fact that the equipment must move long distances to reach each of the cuts resulting 
in the harvesting machines not being as efficient as if they were implemented within one 
large cut.  By minimizing trail acreage, costs of harvesting may be decreased.   
If an individual or company were to choose a management regime that is 
comprised of one acre dispersed cuts such as prescription B, he or she will face 
approximately a 2.5% higher cost per acre and a 39.2% higher total harvesting cost as 
opposed to the one acre aggregated cuts (prescription A).  If an individual or company 
chooses a management regime of two nine acre dispersed cuts (prescription D), he or she 
is facing a minimal per acre cost increase compared to choosing two nine acre aggregated 
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cuts (prescription C), again due to the increased acreage in trails.  Because prescription E 
has no trails, the cost of conducting this cut is less costly than all other prescriptions even 
though there is a higher total acreage of timber being cut.  Essentially, there is little 
difference in NPV between prescriptions C, D, and E, while prescriptions A and B are not 
financially viable.   
 Utilization of timber is an important element driving this model.  If timber is 
utilized, the NPVs of the prescriptions increase.  However, prescriptions A and B were 
small and as a result little revenue was gained even when all merchantable timber was 
utilized.  In contracting logging operation for this project, no bids were received from 
private logging companies to carry out prescriptions A and B, demonstrating their 
reluctance to cut small tracts of land.  This choice is most likely due to the fact that it is 
not financially exigent to cut such small tracts of land especially if the timber will not be 
utilized.  Cutting timber is an expensive process and, like any business, financial gains 
must outweigh the financial cost in order for a particular business to find a specific 
contract attractive.  
Prescription E is the standard forest management regime within the NNF.  
Prescriptions C and D are financially feasible alternatives to increase ESH on the forest, 
and are expected to result in enhanced biodiversity to support endangered species.  
Because prescriptions C, D, and E are similar in acreage, the cost of conducting these 
three prescriptions produced similar financial results.  Biodiversity can be increased with 
very little financial loss if alternative cutting prescriptions such as C and D are 
implemented.   
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NPVs were based on a 70-year rotation as per the established management regime 
resulting in NPVs that may be somewhat lower than those obtained by commercial 
timber production.  However the NPVs of C and D compare favorably with the standard 
NNF management regime of prescription E.  Shortening the rotation length could 
obviously increase NPVs; however, we’d expect the comparisons would be similar.    
We have discussed forest management options to create ESH, identified 
opportunity cost related to dispersal patterns.  Wildlife managers will have to weigh these 
costs against the incremental value or benefit protecting the endangered or threatened 
species. Often these decisions are based on benefit/cost analyses and these opportunity 
costs are relevant parts of the discussion. Better understanding the cost structure of 
creating ESH will allow for more effective preparation in the natural resource planning 
decision-making process and should allow for limited resources to be best-utilized to 
protect endangered and threatened species.   
MANAGEMENT IMPLICATIONS 
 Wildlife managers and silviculturists deciding on management regimes to 
enhance ESH to encourage biodiversity will want to consider the factors identified in this 
analysis.  Related research focusing on the same study area showed that the gap size 
ranging from 1 to 20 acres did not affect bat activity and habitat use (Brooks 2016).	If 
bats were the species being catered to, prescriptions A and B would not be the correct 
prescriptions to implement due to large financial losses and lack of preference these 
animals exhibited to these two prescriptions.  Because prescription A and B were less 
cost effective, prescriptions C and D are more plausible options to implement in the 
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future compared to the traditional 20 acre shelterwood cut represented by prescription E.  
Of course, various wildlife species will require different management options, which can 
be approximated by our range of prescription alternatives.  Our financial analysis 
demonstrates the calculation based harvesting cost, yield per acre, hauling cost, and 
management cost.  Our financial analysis provides a framework for wildlife biologist and 
foresters to work toward better forest management in terms of biodiversity while 
minimizing financial cost. 
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Appendix A: Net Present Value and Graph 
 
 
 The following data refers to the Net Present Value of each of the five 
prescriptions.  Each of the prescriptions is on a 70-year cutting cycle and all cash flows 
are discounted in order to show the value of each prescription in terms of dollars today. 
 
 
NPV A 
 
Your Net Present Value = $558.50 
Interest Rate = 4.00% 
 
Revenue #1: 
Type = Single Sum 
Amount = $1431.03 
Year = 1 
 
Revenue #2: 
Type = Single Sum 
Amount = $472.24 
Year = 40 
 
Revenue #3: 
Type = Single Sum 
Amount = $1431.03 
Year = 70 
 
Cost #1: 
Type = Single Sum 
Amount = $170.40 
Year = 5 
 
Cost #2: 
Type = Single Sum 
Amount = $284.00 
Year = 15 
 
Cost #3: 
Type = Perpetual Annual 
Amount = $28.40 
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NPV B 
 
Your Net Present Value = $595.48 
Interest Rate = 4.00% 
 
Revenue #1: 
Type = Single Sum 
Amount = $1793.70 
Year = 1 
 
Revenue #2: 
Type = Single Sum 
Amount = $592.91 
Year = 40 
 
Revenue #3: 
Type = Single Sum 
Amount = $1793.70 
Year = 70 
 
Cost #1: 
Type = Single Sum 
Amount = $231.30 
Year = 5 
 
Cost #2: 
Type = Single Sum 
Amount = $385.50 
Year = 15 
 
Cost #3: 
Type = Perpetual Annual 
Amount = $38.55 
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NPV C 
 
Your Net Present Value = $1967.41 
Interest Rate = 4.00% 
 
Revenue #1: 
Type = Single Sum 
Amount = $4719.83 
Year = 1 
 
Revenue #2: 
Type = Single Sum 
Amount = $1557.54 
Year = 40 
 
Revenue #3: 
Type = Single Sum 
Amount = $4719.83 
Year = 70 
 
Cost #1: 
Type = Single Sum 
Amount = $540.90 
Year = 5 
 
Cost #2: 
Type = Single Sum 
Amount = $901.50 
Year = 15 
 
Cost #3: 
Type = Perpetual Annual 
Amount = $90.13 
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NPV D 
 
Your Net Present Value = $1968.39 
Interest Rate = 4.00% 
 
Revenue #1: 
Type = Single Sum 
Amount = $4734.14 
Year = 1 
 
Revenue #2: 
Type = Single Sum 
Amount = $1562.27 
Year = 40 
 
Revenue #3: 
Type = Single Sum 
Amount = $4734.14 
Year = 70 
 
Cost #1: 
Type = Single Sum 
Amount = $543.30 
Year = 5 
 
Cost #2: 
Type = Single Sum 
Amount = $905.50 
Year = 15 
 
Cost #3: 
Type = Perpetual Annual 
Amount = $90.55 
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NPV E 
 
Your Net Present Value = $2184.87 
Interest Rate = 4.00% 
 
Revenue #1: 
Type = Single Sum 
Amount = $5238.31 
Year = 1 
 
Revenue #2: 
Type = Single Sum 
Amount = $1728.64 
Year = 40 
 
Revenue #3: 
Type = Single Sum 
Amount = $5238.31 
Year = 70 
 
Cost #1: 
Type = Single Sum 
Amount = $600.00 
Year = 5 
 
Cost #2: 
Type = Single Sum 
Amount = $1000.00 
Year = 15 
 
Cost #3: 
Type = Perpetual Annual 
Amount = $100.00 
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Appendix Figure 1:  
NPVs of various cutting regimes. 
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Appendix B: Trail Cost Formula and Graph 
 𝑻𝒓𝒍𝑪𝒐𝒔𝒕 = 𝑻𝑨𝒄𝒓𝒆𝒔  × 𝑨𝑽𝐺𝒚𝒊𝒆𝒍𝒅  × 𝑯𝑽𝑺𝑻𝒄𝒐𝒔𝒕 
 
 A)      𝑻𝒓𝒍𝑪𝒐𝒔𝒕 = .68 acres  × 44.91 tons  × $12.17 = $371.66 
 B)      𝑻𝒓𝒍𝑪𝒐𝒔𝒕 = 2.71 acres  × 44.91 tons  × $12.17 = $1,481.16 
C)      𝑻𝒓𝒍𝑪𝒐𝒔𝒕 = .03 acres  × 44.91 tons  × $12.17 = $16.40 
D)      𝑻𝒓𝒍𝑪𝒐𝒔𝒕 = .11 acres  × 44.91 tons  × $12.17 = $60.12 
E)      NONE 
 
Appendix Figure 2:  
Trail cost for each prescription. 
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Appendix C: Patch Cut Cost Formula and Graph 
 𝑺𝑾𝑪𝒐𝒔𝒕 = 𝑺𝑾𝑨𝒄𝒓𝒆𝒔  × 𝑨𝑽𝑮𝒚𝒊𝒆𝒍𝒅  ×  𝟏𝟎𝟎!𝑹𝒆𝒕𝒆𝒏𝒕𝒊𝒐𝒏%𝟏𝟎𝟎  × 𝑯𝑽𝑺𝑻𝒄𝒐𝒔𝒕 
 
A)      𝑺𝑾𝑪𝒐𝒔𝒕 = 5  × 44.91  ×  𝟏𝟎𝟎!𝟏𝟎𝟏𝟎𝟎  × $12.17 = $2,459.50 
B)      𝑺𝑾𝑪𝒐𝒔𝒕 = 5  × 44.91  ×  𝟏𝟎𝟎!𝟏𝟎𝟏𝟎𝟎  × $12.17 = $2,459.50 
C)      𝑺𝑾𝑪𝒐𝒔𝒕 = 18  × 44.91  ×  𝟏𝟎𝟎!𝟏𝟎𝟏𝟎𝟎  × $12.17 = $8,854.18 
D)      𝑺𝑾𝑪𝒐𝒔𝒕 = 18  × 44.91  ×  𝟏𝟎𝟎!𝟏𝟎𝟏𝟎𝟎  × $12.17 = $8,854.18 
E)     𝑺𝑾𝑪𝒐𝒔𝒕 = 20  × 44.91  ×  𝟏𝟎𝟎!𝟏𝟎𝟏𝟎𝟎  × $12.17 = $9,837.98 
 
 
 
Appendix Figure 3:  
Patch cut cost for each prescription. 	  
$2,459.50	 $2,459.50	
$8,854.18	 $8,854.18	 $9,837.98	
$0.00	$2,000.00	
$4,000.00	$6,000.00	
$8,000.00	$10,000.00	
$12,000.00	
A	 B	 C	 D	 E	
Patch	Cut	Cost	
 46 
Appendix D: Hauling Cost Formula and Graph 
 𝑯𝑪𝒐𝒔𝒕 = 𝑯!𝒊𝒔𝒕𝒂𝒏𝒄𝒆  ×  𝑯𝑪𝒑𝒆𝒓𝒎𝒊𝒍𝒆  × 𝑻𝑯𝒂𝒖𝒍𝒆𝒅 
 
A)      𝑯𝑪𝒐𝒔𝒕 = 49  × .13$  × 232.64 = $1,481.88 
B)     𝑯𝑪𝒐𝒔𝒕 = 49  × .13$  × 323.80 = $2,062.61 
C)      𝑯𝑪𝒐𝒔𝒕 = 49  × .13$  × 728.89 = $4,643.03 
D)      𝑯𝑪𝒐𝒔𝒕 = 49  × .13$  × 732.48 = $4,665.90 
E)      𝑯𝑪𝒐𝒔𝒕 = 49  × .13$  × 808.38 = $5,149.38 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix Figure 4:  
Hauling cost for each prescription.  
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Appendix E: Total Harvesting Cost Per Acre Formula and Graph 
 𝑷𝑨𝑪𝒐𝒔𝒕 = 𝑯𝑽𝑺𝑻𝒄𝒐𝒔𝒕𝑻𝑻𝑳𝑨𝒄𝒓𝒆𝒔  
 
A)      𝑷𝑨𝑪𝒐𝒔𝒕 = $",!"!.!"!.!"  = $759.34 
B)     𝑷𝑨𝑪𝒐𝒔𝒕 = $",!!".!"!.!"  = $778.63 
C)     𝑷𝑨𝑪𝒐𝒔𝒕 = $"#,!"#.!"!".!"  = $749.51 
D)     𝑷𝑨𝑪𝒐𝒔𝒕 = $"#,!"#.!"!".!!  = $749.87 
E)     𝑷𝑨𝑪𝒐𝒔𝒕 = $"#,!"#.!"!".!!  = $749.34 
 
 
 
 
Appendix Figure 5:  
Total harvesting cost per acre incuding trails for each prescription. 
 
	$759.34		
	$778.63		
	$749.51		 	$749.87		 	$749.34		
	$730.00			$735.00		
	$740.00			$745.00		
	$750.00			$755.00		
	$760.00			$765.00		
	$770.00			$775.00		
	$780.00			$785.00		
A	 B	 C	 D	 E	
Total	Cost	Per	Acre	Including	Trails	
 48 
LITERATURE CITED 
Acuña, M. P., and C. F. Estades. 2011. Plantation clearcut size and the persistence of  
     early-successional wildlife populations. Biological Conservation 144:1577-1584.  
 
Akay, A. E., O. Erdas, and J. Sessions. 2004. Determining productivity of mechanized  
     harvesting Machines. Journal of Applied Sciences 4:100-105. 
 
Askins, R. A. 2001. Sustaining biological diversity in early successional communities:  
     The challenge of managing unpopular habitats. Wildlife Society Bulletin 29:407-412. 
 
Askins, R. A., B. Zuckerberg, and L. Novak. 2007. Do the size and landscape context of  
     forest openning influence the abundance and breeding success of shrubland songbirds  
     in southern New England? Forest Ecology and Management 250:137-147.  
 
Baker, S., D. Greene, T. Harris, and R. Mei. 2013. Regional cost analysis and indices for  
     conventional timber harvesting operations: final report to the Wood Supply Research  
     Institute. Center for Forest Business, University of Georgia, Athens, USA.  
 
Baker, S., D. Greene, and R. Mei. 2015. Verification of the UGA logging cost index:  
     final report for Wood Supply Research Institute. Center for Forest Business,  
     University of Georgia, Athens, USA.  
 
Bliss, J. C. 2000. Public perceptions of clearcutting. Journal of Forestry 98(12):4-9. 
 
Boyles, J. G., and D. P. Aubrey. 2006. Managing forests with prescribed fire:  
     implications for a cavity-dwelling bat species. Forest Ecology and Management  
     222:108-115. 
 
Brawn, J. D., S. K. Robinson, and F. R. Thompson, III. 2001. The role of disturbance in  
     the ecology and conservation of birds. Annual Review of Ecology and Systematics  
     32:251-276. 
 
Brigham, R. M., S. D. Grindal, M. C. Firman, and J. L. Morissette. 1997. The influence  
     of structural clutter on activity patterns of insectivorous bats. Canadian Journal of  
     Zoology 75:131-136.  
 
Brinker, R. W., D. Miller, B. J. Stokes, and B. L. Lanford. 1989. Machine rates for  
     selected forest harvesting machines. Circular 296. Alabama Agricultural Experiment  
     Station, Auburn University, Auburn, USA. 
 
Brinker, R. W., J. Kinard, B. Rummer, and B. Lanford. 2002. Machine rates for selected  
     forest harvesting machines. Circular 296 (revised). Alabama Agricultural Experiment  
     Station, Auburn University, Auburn, USA. 
 49 
Brooks, J. S. 2016.  Effect of forest opening characteristics, prey abundance, and  
     environmental factors on bat activity in the southern Appalachians.  Theses Online.  
     Paper 2485. 
 
Brooks, R. T. 2003. Abundance, distribution, trends, and ownership patterns of early- 
     successional forests in the northeastern United States. Forest Ecology and  
     Management 185:65-74.  
 
Chandler, R. B., D. I. King, and C. C. Chandler. 2009. Effects of management regime on  
     the abundance and nest survival of shrubland birds in wildlife openings in northern  
     New England, USA. Forest Ecology and Management 258:1669-1676. 
 
DeGraaf, R. M., and M. Yamasaki. 2003. Options for managing early-successional forest  
     and shrubland bird habitats in the northeastern United States. Forest Ecology and  
     Management 185:179-191. 
 
Dettmers. R. 2003. Status and conservation of shrubland birds in the northeastern US.  
     Forest Ecology and Management 185:81-93. 
 
Enck, J., and M. Odato. 2008. Public attitudes and affective beliefs about early- and late- 
     successional stages of the Great Northern Forest. Journal of Forestry 106:388-395.  
 
Fahey, R. T., and K. J. Puettmann. 2008. Patterns in spatial extent of gap influence on  
     understory plant communities. Forest Ecology and Management 255:2801-2810.  
 
Ford, M. W., K. R. Russell, and C. E. Moorman, eds. 2000. The role of fire in nongame  
     wildlife management and community restoration: traditional uses and new directions,  
     proceedings of a special workshop. General Technical Report NE-288. Northeastern  
     Research Station, USDA Forest Service, Newtown Square, Pennsylvania, USA. 
 
Ford, W. M., J. M. Menzel, M. A. Menzel, J. W. Edwards, and J.C. Kilgo. 2006.  
     Presence and absence of bats across habitat scales in the Upper Coastal Plain of South  
     Carolina. Journal of Wildlife Management 70:1200-1209. 
 
Frick, W. F., J. F. Pollock, A. C. Hicks, K. E. Langwig, D. S. Reynolds, G. G. Turner, C.  
     M. Butchkoski, and T. H. Kunz. 2010. An emerging disease causes regional  
     population collapse of a common North American bat species. Science 329:679-682. 
 
Frick, W. F., S. J. Puechmaille, and C. K. R. Willis. 2016. White-nose syndrome in bats.  
     Pages 245-262 in C. C. Voight and T. Kingston, editors. Bats in the Anthropocene:  
     conservation of bats in a changing world. Springer International Publishing, Cham,  
     Switzerland.   
 
 50 
Fukui, D., M. Murakami, S. Nakano, and T. Aoi. 2006. Effect of emergent aquatic insects  
     on bat foraging in a riparian forest. Journal of Animal Ecology 75:1252-1258. 
 
Fukui, D., T. Hirao, M. Murakami, and H. Hirakawa. 2011. Effects of treefall gaps  
     created by windthrow on bat assemblages in a temperat forest. Forest Ecology and  
     Management 261:1546-1552. 
 
Fuller, T. K., and S. DeStefano. 2003. Relative importance of early-successional forests  
     and shrubland habitats to mammals in the northeastern United States. Forest Ecology  
     and Mangement 185:75-79. 
 
Greenberg, C. H., B. S. Collins, F. R. Thompson, III, and W. H. McNab. 2011.  
     Introduction: What are early successional habitats, why are they important, and how  
     can they be sustained? Pages 1-10 in C. H. Greenberg, B. S. Collins, and F. R.  
     Thompson, III, editors. Sustaining young forest communities: ecology and mangement  
     of early successional habitat in the Central Hardwood Region, USA. Springer, New  
     York, New York, USA.  
 
Grindal, S. D., and R. M. Brigham. 1998. Short-term effect of small-scale habitat  
     disturbance on activity by insectivourous bats. Journal of Wildlife Management  
     62:996-1003. 
 
Hagan, J. M., and A. A. Whitman. 2006. Biodiversity indicators for sustainable forestry:  
     simplifying complexity. Journal of Forestry 104:203-210.  
 
Harper, C. A. 2007. Strategies for managing early successional habit for wildlife. Weed  
     Technology 21:932-937. 
 
Hart, J. L., M. M. Cowden, S. J. Torreano, J. P. R. Vestal. 2016. Disturbance, succession,  
     and structural development of an upland hardwood forest on the Interior Low Plateau,  
     Tennessee. Natural Areas Journal 36:557-573. 
 
Hayes, J. P., and S. C. Loeb. 2007. The influences of forest management on bats in North  
     America. Pages 207-235 in M. J. Lacki, J. P. Hayes, and A.Kurta, editors. Bats in  
     forests: conservation and management. The Johns Hopkins University Press,  
     Baltimore, Maryland, USA. 
 
Hiesl, P., and J. G. Benjamin. 2013. Applicability of international harvesting equipment  
     productivity studies in Maine, USA: a literature review. Forests 4:898-921. 
 
Holtzscher, M. A., and B. L. Lanford. 1997. Tree diameter effects on cost and  
     productivity of cut-to-length systems. Forest Products Journal 47:25-30. 
 
 
 51 
Hunter, W. C., D. A. Buehler, R. A. Canterbury, and P. B. Hamel. 2001. Conservation of  
     disturbance-dependent birds in eastern North America. Wildlife Society Bulletin 29:  
     440-455.    
 
Lacki, John P. H., Allen Kurta, eds. 2007. Bats in forests: conservation and management.  
     The Johns Hopkins University Press, Baltimore, Maryland, USA.   
 
Litvaitis, J. A. 2001. Importance of early successional habitats to mammals in eastern  
     forests. Wildlife Society Bulletin 29:466-473.  
 
Loeb, S. C., and J. M. O’Keefe. 2006. Habitat use by forest bats in South Carolina in  
     relation to local, stand, and landscape characteristics. Journal of Wildlife Management  
     70:1210-1218.   
 
Loeb, S. C., and T. A. Waldrop. 2008. Bat activity in relation to fire and fire surrogate  
     treatments in southern pine stands. Forest Ecology and Management 255:3185-3192. 
 
Loeb, S. C., and J. M. O’Keefe. 2011. Bats and gaps: the role of early successional  
     patches in the roosting and foraging ecology of bats. Pages 167-189 in C. H.  
     Greenberg, B. S. Collins, and F. R. Thompson, III, editors. Sustaining young forest  
     communities: ecology and mangement of early successional habitat in the Central  
     Hardwood Region, USA. Springer, New York, New York, USA.  
 
Long, J. N. 2009. Emulating natural disturbance regimes as a basis for forest  
     management: a North American view. Forest Ecology and Mangement 257:1868- 
     1873. 
 
Lorimer, C. G. 2001. Historical and ecological roles of disturbance in eastern North  
     America: 9,000 years of change. Wildlife Society Bulletin 29:425-439. 
 
Menzel, M. A., T. C. Carter, J. M. Menzel, W. M. Ford, and B.R. Chapman. 2002.  
     Effects of group selection silviculture in bottomland hardwood on the spatial activity  
     patterns of bats. Forest Ecology and Management 162:209-218. 
 
Miller-Butterworth, C. M., M. J. Vonhof, J. Rosenstern, G. G. Turner, and A. L. Russell.  
     2014.  Genetic structure of little brown bats (Myotis lucifugus) corresponds with  
     spread of White-Nose Syndrome among Hibernacula. Journal of Heredity 105:354- 
     364.  
 
Minnis, A. M., and D. L. Lindner. 2013. Phylogenetic evaluation of Geomyces and allies  
     reveals no close relatives of Pseudogymnoascus destructans, comb. nov., in bat  
     hibernacula of eastern North America. Fungal Biology 117:638-649.  
 
 52 
Morris, A. D., D. A. Miller, and M. C. Kalcounis-Rueppel. 2010. Use of forest edges by  
     bats in a managed pine forest landscape. Journal of Wildlife Management 74:26-34. 
 
Morrison, M. L., and H. A. Mathewson, editors. 2015. Wildlife Habitat Conservation:  
     Concepts, Challenges, and Solutions . Johns Hopkins University Press, Baltimore,  
     Maryland, USA. 
 
Naaf, T., and M. Wulf. 2007. Effects of gap size, light and herbivory on the herb layer  
     vegetation in European beech forest gaps. Forest Ecology and Management 244:141- 
     149. 
 
Nyland, Ralph D. 2002. Silviculture: Concepts and Applications, Third Edition.  
     Waveland Press, Inc., Long Grove, Illinois, USA. 
 
O’Donoghue, A. J., G. M. Knudsen, C. Beekman, J. A. Perry, A. D. Johnson, J. L.  
     DeRisi, C. S. Craik, and R. J. Bennett. 2015. Destructin-1 is a collagen-degrading  
     endopeptidase secreted by Pseudogymnoascus destructans, the causative agent of  
     white-nose syndrome. Proceedings of the National Academy of Sciences of the United  
     States of America 112:7478-7483.  
 
Oehler, J. D. 2003. State efforts to promote early-successional habitats on public and  
     private lands in the northeastern United States. Forest Ecology and Management  
     185:169-177. 
 
O’Keefe, J. M., S. C. Loeb, J. D. Lanham, and H. S. Hill Jr.. 2009. Macrohabitat factors  
     affect day roost selection by eastern red bats and eastern pipistrelles in the southern  
     Appalachian Mountains, USA. Forest Ecology and Management 257:1757-1763.  
 
Owen, S. F., M. A. Menzel, J. W. Edwards, W. M. Ford, J. M. Menzel, B. R. Chapman,  
     P. B. Wood, and K. V. Miller. W 2004. Bat activity in harvested and intact forest  
     stands in the Allegheny Mountains. Northern Journal of Applied Forestry 21:154-159.  
 
Russo, D., L. Cistrone, A. P. Garonna, and G. Jones. 2010. Reconsidering the importance  
     of harvested forests for the conservation of tree-dwelling bats. Biodiversity and  
     Conservation 19:2501-2515. 
 
Sleep, Darren J. H. and R. Mark Brigham. 2003. An experimental test of clutter tolerance  
     in bats. Journal of Mammalogy 84:216-224.  
 
Swanson, F. J., and J. F. Franklin. 1992. New forestry principles from ecosystem analysis  
     of Pacific Northwest forests. Ecological Applications 2:262-274. 
 
 
 53 
Swanson, M. E., J. F. Franklin, R. L. Beschta, C. M. Crisafulli, D. A. DellaSala, R. L.  
     Hutto, D. B. Lindenmayer, and F. J. Swanson. 2011. The forgotten stage of forest  
     succession: early-successional ecosystems on forest sites. Frontiers in Ecology and the  
     Environment 9:117-125.   
 
Tavernia, B. G., M. D. Nelson, J. D. Garner, and C. H. Perry. 2016. Spatial  
     characteristics of early successional habitat across the Upper Great Lakes states.  
     Forest Ecology and Management 372:164-174.   
 
Taylor, D. A. R. 2006. Forest Management and Bats. Bat Conservation International,  
     Washington, D.C., USA.  
 
Thompson, F. R., III, and D. R. Dessecker. 1997. Management of early-successional  
     communities in central hardwood forests: with special emphasis on the ecology and  
     management of oaks, ruffed grouse, and forest songbirds. General Technical Report  
     NC-195. USDA Forest Service, North Central Experiment Station, St. Paul,  
     Minnesota, USA.  
 
Thompson, F. R., III, and R. M. DeGraaf. 2001. Conservation approaches for woody,  
     early successional communities in the eastern United States. Wildlife Society Bulletin  
     29:483-494. Timber Mart-South. 2013. Timber Mart-South market news quarterly.  
     University of Georgia,  Warnell School of Forestry and Natural Resources, Athens,  
     Georgia, USA. 
 
Trani, M. K., R. T. Brooks, T. L. Schmidt, V. A. Rudis, and C. M. Gabbard. 2001.  
     Patterns and trends of early successional forest in the eastern United States. Wildlife  
     Society Bulletin 29:413-424. 
 
Wang, Jingxin, Charlie Long, and Joe McNeel. 2004. Production and cost analysis of a  
     feller-buncher and grapple skidder in central Appalachian hardwood forests. Forest  
     Products Journal 54:45-52.   
 
Wibbelt, G. 2015. Out of the dark abyss: white-nose syndrome in bats. Veterinary Record  
     177:70-71.  
 
Willis, Craig K. R. 2015. Conservation Physiology and Conservation Pathogens: White- 
     Nose Syndrome and Integrative Biology for Host–Pathogen Systems. Integrative and  
     Comparative Biology 55: 631-641.  
 
